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2
Thermodynamics of the electric double layer (EDL) formed at the interface between a solid 25 electrode and an electrolyte has received renewed interest for its relevance to low-grade waste 26 heat harvesting using thermos-capacitive cycles 1 and reversible heating/cooling in 27 supercapacitors 2, 3 . A key parameter in characterizing these processes is the pseudo-Seebeck 28 coefficient S = ∂φ0/∂T)σ, which is analogous to the Seebeck coefficient. Here, T is the 29 temperature, φ0 the electrode potential, and σ the electrode surface charge. The basic picture is 30 that EDL systems at higher temperatures require higher electrode potentials to balance a larger 31 driving force from thermal energy that causes broader distributions of counter ions.
32
Previous studies reported analytic expressions for the surface potential as a function of 33 the temperature under the mean field theory for symmetric ions. Janssen et al. 4 noted that the 34 pre-factor kBT in the expression for φ0 provides its predominant temperature dependence, 35 suggesting nearly temperature-independent S. This, however, is an incomplete picture. The 36 pseudo-Seebeck coefficient S is a function of the temperature and, as we shall show, the quasi-37 linearly temperature-dependence of φ0 reported in the previous study, in fact, reflects dominant 38 influence of the temperature-dependence of permittivity rather than the intrinsic thermodynamics 39 of EDL.
40
In the present work, we use a size-modified mean field theory (SMFT) that extends the enables us to make some useful, albeit preliminary, assessments on the relative importance of 47 different phenomena occurring at the electrode-electrolyte interfaces.
48
We first describe derivation of the analytic expressions for S. Past studies 5, 7 used the 49 lattice gas model to write the Helmholtz free energy in terms of the number of cations, anions,
50
and available lattice sites and obtained potential-dependent ion concentrations in terms of 51 modified Boltzmann distributions. These ionic concentrations were then used to express the 52 charge density distribution ρ:
Here, u is the dimensionless potential (= eφ/kBT); γ is the packing parameter (= 2N0/N); ξ is the 55 volume ratio between the anion and cation; η is the porosity (= 2/γ -1 -ξ); N is the total number 56 of available lattice sites that can be occupied by cations; N0 is the number of ions in the bulk; and 57 c0 is the ion concentration in the bulk.
58
We note that in the limit of high positive electrode potentials, Eq. (1) approaches 59 ⟶ (2)
60
In the limit of high negative electrode potentials, Eq. (1) approaches
The effect of this asymmetric behavior on S will be discussed later. Equation (5) gives σ as a function of u0 (= eφ0/kBT). That is, the expression for σ(φ0,T)
81
given above only implicitly relates φ0 and T. We obtain the derivative ∂φ0/∂T)σ using the basic Using a similar procedure, we can also find S in the limit of large negative potentials: So far, our discussion assumed that the permittivity is independent of temperature. In reality, , which then greatly suppresses the temperature dependence of the effective permittivity in 169 the EDL.
170
As we alluded to, previous studies 9, 10 reported that the differential capacitance of EDL considered competition between two phenomena: 1) overall thickening of the EDL with 178 increasing thermal energy and 2) weakening of specific adsorption of co-ions on an electrode.
179
The latter would enable relatively higher packing of counter-ions and thereby more effective another temperature region.
192
The current SMFT theory also does not capture the formation of ordered structures in . At high electrode potentials, however, a previous study using a Ginzburg-type continuum theory of solvent-free ionic liquids 16 reported that over-screening from limiting values when the electrode potential exceeds crossover values due to the steric effect.
205
The temperature dependence of the permittivity, however, can significantly modify this behavior.
206
For appreciable values of dε/dT, the parameter S is predicted to scale linearly with φ 0 even at 
